A gene (bla) encoding a ␤-lactamase is present in the cephamycin gene cluster of Streptomyces clavuligerus, the strain producing clavulanic acid and a ␤-lactamase inhibitory protein. The bla gene is located 5.1 kb downstream from and in the opposite orientation to cefE, encoding the deacetoxycephalosporin C synthase. The bla gene encodes a 332-residue protein (M r , 35,218), similar to other class A ␤-lactamases produced by actinomycetes. Modification (to SDG) of the SDN conserved motif of class A ␤-lactamases as well as of amino acids in otherwise conserved regions in the molecule may explain the low penicillinase and cephalosporinase activities of the protein. The ␤-lactamase has been purified to homogeneity and found to bind [ 3 H]benzylpenicillin, a result reflecting a rate-limiting deacylation step. Nucleotide sequences homologous to bla were found in all tested cephamycin producers, but several other Streptomyces species which produce a ␤-lactamase do not contain genes for ␤-lactam antibiotic biosynthesis.
␤-Lactamase-encoding genes occur in microorganisms isolated before the widespread use of ␤-lactam antibiotics (25) . We have described genes for a ␤-lactamase (bla) and a penicillin-binding protein (pbp) in the Nocardia lactamdurans cephamycin biosynthesis cluster (5) . The similarity of the ␤-lactamase encoded by the bla gene of N. lactamdurans to class A ␤-lactamases of gram-negative and gram-positive bacteria (19) strongly supports the hypothesis of Benveniste and Davies (3) , who proposed that antibiotic resistance genes derive from antibiotic-producing organisms, in which they play a protective role to avoid suicide (7) .
Class A ␤-lactamases contain an active-site serine residue and are irreversibly inhibited by clavulanic acid (2, 10) . Most ␤-lactamases from actinomycetes are chromosomally encoded enzymes, which are constitutively secreted into the culture medium (9) . It is important to know if the ␤-lactamase genes which have been found in strains such as Streptomyces badius, Streptomyces fradiae, Streptomyces cacaoi (15) , or Streptomyces lavendulae (30) are associated with cephamycin biosynthesis genes and if the different actinomycetes and ␤-lactam antibiotic-producing bacteria (1) always contain a ␤-lactamase gene associated with the cluster of antibiotic biosynthesis genes.
Streptomyces clavuligerus, a cephamycin C producer, synthesizes two distinct ␤-lactamase inhibitors: clavulanic acid (an oxazolidinic ␤-lactam compound produced industrially from this strain [4] ) and a 17-kDa extracellular ␤-lactamase-inhibiting protein (BLIP) (8, 32) . In addition, S. clavuligerus contains at least five different penicillin-binding proteins (26) . The genes for cephamycin C and clavulanic acid biosynthesis are adjacent in the genome of S. clavuligerus, Streptomyces katsurahamanus, and Streptomyces jumonjinesis (34) as a supercluster for the production of ␤-lactam antibiotics.
It was therefore of great interest to know if S. clavuligerus contains a ␤-lactamase gene associated with the cephamycin biosynthesis genes and whether this ␤-lactamase is sensitive to clavulanic acid and BLIP, which are known to be produced by the same strain. Modulation of the ␤-lactamase activity by clavulanic acid and BLIP might be an interesting mechanism for the control of the in vivo activity of this enzyme in ␤-lactam-producing microorganisms.
In this report, we show that S. clavuligerus contains a ␤-lactamase gene close to the cluster of cephamycin C biosynthesis genes and that a similar gene is found in other ␤-lactamproducing strains. The properties of the ␤-lactamase were studied, and attempts were made to correlate its low activity with structural features. A role in cell wall synthesis and the morphology is suggested for ␤-lactamases encoded by the ␤-lactam clusters. Escherichia coli DH5␣ was used for subcloning purposes, and E. coli WK6 and the M13K07 phage were used to obtain single-stranded DNA. E. coli LE392 was used to propagate the -GEM12 phage (Promega), and E. coli NM539 was used to select recombinant phages; pBluescript KS(ϩ) was used for DNA sequencing. The Streptomyces plasmid pIJTipA, containing the thiostrepton-induced protein (TIP) promoter (33) , was used to overexpress the ␤-lactamase gene.
MATERIALS AND METHODS

Biologicals. S. clavuligerus
Cultures and protoplast fractionation. S. clavuligerus was grown in tryptone soy broth medium (containing 17 g of casein peptone, 3 g of soya peptone, 5 g of NaCl, 2.5 g of K 2 HPO 4 , and 2.5 g of glucose per liter) or GSPG medium (28) . Resting cell systems (limited in the carbon and nitrogen sources) were prepared from 24-or 48-h cultures; the cells were washed twice in 0.9% NaCl and suspended in 50 mM phosphate buffer (pH 7.0). Both submerged cultures and the resting-cell systems were incubated at 28°C and 250 rpm in an orbital shaker.
Cultures of S. lividans [pULFL2] were grown for 48 h at 28°C in YEME medium (13) supplemented with sucrose (10.3%), glycine (0.5%) (to release the ␤-lactamase protein that is strongly attached to the cell wall), and kanamycin (50 g/ml). The cultures were centrifuged at 10,500 ϫ g for 10 min at 4°C, and the supernatant was stored at 4°C. The cells were washed three times with sucrose (10.3%) and resuspended in P buffer (13) containing lysozyme (0.2 mg/ml). After 60 min of incubation at 30°C, the protoplasts were filtered through sterile cotton and collected by centrifugation at 6,000 ϫ g for 10 min. The supernatant containing the periplasmic fraction (S p ) was stored, and the protoplasts were lysed in 50 mM phosphate buffer (pH 7.0). After lysis, the protoplast fraction was centrifuged at 16,000 ϫ g for 20 min to remove cell debris and then at 150,000 ϫ g for 30 min to obtain the cell membrane fraction. The membranes were washed twice with 50 mM phosphate buffer (pH 7.0) and resuspended in 1 ml of the same buffer.
␤-Lactamase assays. The enzyme activity was measured by using the chromogenic substrate nitrocefin (24) . The assay mixture contained 25 g of nitrocefin, 50 g of bovine serum albumin, 10% glycerol, and enzyme (0.2 to 1 g of protein) in a total volume of 450 l of 50 mM phosphate buffer (pH 7.0). Hydrolysis was monitored spectrophotometrically at 30°C and 482 nm. Enzyme activity (units) is expressed as micromoles of nitrocefin hydrolyzed per minute, using a molar extinction coefficient variation of 15,000 M Ϫ1 cm Ϫ1 . The hydrolysis of cefoxitin, cephamycin C, or cephalosporin C was monitored spectrophotometrically at 260 nm, and the hydrolysis of penicillin G was monitored at 235 nm.
␤-Lactamase purification. The S p fraction (160 ml) obtained from a 2-liter culture of S. lividans [pULFL2] was diluted fourfold with 20 mM phosphate buffer (pH 7.0) and applied batchwise to 60 ml of carboxymethyl (CM)-Sepharose; the mixture was shaken gently overnight and poured into a 16-by 320-mm column, and the ␤-lactamase activity was eluted with a linear NaCl gradient (0 to 1.0 M). The active fractions (45 ml) were pooled and diluted threefold with phosphate buffer as described above, and 10 ml was applied to a cation-exchange MonoS HR5/5 column equilibrated with the same buffer. The ␤-lactamase was eluted with a 0.15 to 0.3 M NaCl gradient (1 ml/min).
SDS-PAGE. Samples (5 to 10 g of protein) were submitted to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) in SDS-12% polyacrylamide gels as described by Laemmli (20) and stained with Coomassie blue.
Penicillin-binding assay. Pure ␤-lactamase (1 g of protein) and 1 to 2.5 l (1.5 mM) of [ 3 H]benzylpenicillin (20 Ci/mmol; Amersham) were incubated for 10 min at 30°C in a total volume of 15 l, and then 2 l of 100 mM nonradioactive benzylpenicillin was added. The proteins were precipitated with an equal volume of cold acetone, suspended in SDS-PAGE loading buffer, and applied to an SDS-10% polyacrylamide gel. After electrophoresis, the gel was stained with Coomassie blue, washed successively with distilled water for 30 min and with 40% ethanol containing 16% salicylic acid for an additional 30 min, and dried. The autoradiograph was exposed for 5 days to X-ray Hyper-film MP (Amersham).
DNA manipulation. Isolation of DNA from Streptomyces and protoplast transformation were as described by Hopwood et al. (13) . Other standard DNA techniques were as described by Sambrook et al. (29) . Sequence analysis was done with the GENEPLOT program (DNAStar), and amino acid sequence analysis was done with the Clustal V program (DNAStar).
In Southern hybridizations, the filters were prehybridized at 42°C for 4 to 14 h in prehybridization solution containing 30% formamide, 6ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 1ϫ Denhardt's solution (10 mg of Ficoll, 10 mg of polyvinylpyrrolidone, 10 mg of bovine serum albumin, 50 ml of H 2 O), and 0.1% SDS and then hybridized with the radioactive probe for 16 to 24 h under the same conditions. The filters were washed twice with 2ϫ SSC containing 0.1% SDS first at room temperature, then at 42°C, and then at 55°C and finally with 0.1ϫ SSC-0.1% SDS at 60 to 65°C if required (29) .
Numbering of the protein residues. The ABL numbering system of class A ␤-lactamases (2) was used in the sequence comparisons.
Nucleotide sequence accession number. The sequence of the bla gene of S. clavuligerus has been deposited in the EMBL database under accession no. Z54190.
RESULTS
Identification of a ␤-lactamase-encoding gene in the S. clavuligerus cephamycin C gene cluster. To locate the cephamycin C gene cluster, a genomic library of S. clavuligerus, constructed in -GEM12 phage, was probed with (i) a 4-kb EcoRI-HindIII DNA fragment known to contain the lat gene and part of the pcbAB gene (35) and (ii) a 3.3-kb BamHI-BglII heterologous DNA probe containing the cefD-cefE genes of N. lactamdurans (5) . Six phages that gave positive hybridization with the first or the second probe were mapped with restriction endonucleases. The six phages covered a total DNA region of 35 kb around the lat gene of S. clavuligerus. To establish if a ␤-lactamase gene was present in the cluster, DNAs from the six phages were digested with BamHI, blotted, and hybridized with a 0.7-kb NotI DNA fragment internal to the bla gene of N. lactamdurans (5) . A clear positive hybridization signal was found in a 1.8-kb BamHI DNA fragment of the EMBL-C9 phage. This phage also contained the cefE and cefD genes of S. clavuligerus (18) and a 12-kb DNA fragment downstream from cefE but not the lat-cefD region (Fig. 1A) . The 1.8-kb BamHI DNA fragment giving a positive hybridization signal was located downstream from the cefE gene.
The bla gene encodes a class A ␤-lactamase. The 1.8-kb BamHI DNA fragment was sequenced. Analysis of the sequence revealed an open reading frame (996 nucleotides) that is located 5.1 kb downstream from cefE in the cephamycin C gene cluster and in an orientation opposite that of the cefDcefE (Fig. 1A) . The open reading frame with a GϩC content of 76% was preceded by a GGAGG sequence identical to those conserved in Streptomyces ribosome binding sites (Fig. 1B) Phylogenetic analysis: a cluster of actinomycete ␤-lactamase proteins. Amino acid sequences of 19 class A ␤-lactamases were analyzed. Two groups of phylogenetically separated Streptomyces ␤-lactamases have been described (16, 23) . The ␤-lactamases of S. clavuligerus and of N. lactamdurans are clustered with the homologous proteins of S. badius, Actinomadura strain R39, S. cacaoi CAKCC, and S. cacaoi CADSM (Fig. 2) .
Presence of ␤-lactamase genes in ␤-lactam-producing microorganisms. To establish if the presence of ␤-lactamase genes is general in ␤-lactam-producing organisms, total DNA of cephamycin C (S. cattleya and N. lactamdurans), cephamycins A and B (S. griseus), or monobactam (Flavobacterium sp.) producers was digested with MluI and hybridized under very stringent conditions with a 0.6-kb SacII fragment internal to S. clavuligerus bla gene. Hybridizations gave a strong positive signal with S. cattleya, S. griseus, and N. lactamdurans DNAs (Fig. 3) , indicating that the cephamycin producers appear to contain a bla gene. The bla gene of N. lactamdurans has been cloned previously (5) .
In parallel, DNAs of the ␤-lactam-nonproducers S. cacaoi CADSM, S. badius, S. fradiae, and S. lavendulae, as well as of Agrobacterium sp. and Xanthomonas sp., known to secrete ␤-lactamases, were digested with MluI and hybridized with a HindII 570-bp DNA fragment internal to the pcbC gene of N.
lactamdurans, which encodes the isopenicillin N synthase in the cephamycin C biosynthetic pathway. None of the strains gave positive hybridization under stringent conditions where S. clavuligerus and N. lactamdurans gave a clear hybridization. This result suggests that genes for cephamycin biosynthesis do not occur in these strains in spite of the great similarity between the bla gene of S. clavuligerus and those of S. cacaoi CADSM and S. badius.
S. clavuligerus lacks significant ␤-lactamase activity in vivo. Since S. clavuligerus produces two ␤-lactamase inhibitory substances, it is of great interest to know if ␤-lactamase activity is detected in S. clavuligerus cultures. No significant ␤-lactamase activity could be detected in either growing or resting cells of S. clavuligerus in different media in samples taken at 12-h intervals, and the addition of benzylpenicillin (50 g/ml) failed to induce the synthesis of the enzyme. Benzylpenicillin remained undegraded and active in the culture supernatant, with no apparent effect on the culture. These results suggest that the ␤-lactamase of S. clavuligerus is not active in vivo probably due to the simultaneous production of clavulanic acid and BLIP by S. clavuligerus.
The ␤-lactamase shows penicillin-binding activity. To purify the enzyme, the bla gene was overexpressed in S. lividans with the help of the tipA expression system (Fig. 4A) . Addition of thiostrepton induced bla expression resulting in a twofold increase of ␤-lactamase activity.
After incubation with [ 3 H]benzylpenicillin, the acyl enzyme intermediate could be visualized by fluorography (Fig. 4B) . A single penicillin-binding protein with a molecular mass of about 33 kDa (agreeing with that of the purified ␤-lactamase protein; see below) was observed in the autoradiograph, indicating that the pure S. clavuligerus ␤-lactamase binds penicillin.
Purification of the ␤-lactamase. The enzyme was purified to electrophoretic homogeneity from the periplasmic (S p ) fraction as indicated in Materials and Methods (Fig. 5, lane 4) ; this resulted in 30-fold increase in the ␤-lactamase activity with a recovery of 6.2% (Table 1) . Two close bands of apparent M r s of 33,000 and 34,000 were observed in the purified preparation (Fig. 5, lane 4) . That the protein bands corresponded to the S. clavuligerus ␤-lactamase was suggested by the fact that both gave a weak reaction with antibodies raised against the B. licheniformis and Streptomyces albus ␤-lactamases. The N-terminal sequence of the larger protein could not be determined due to a probable blocking, but that of the smaller protein was RARVADLAAL. Processing at position 53 thus yields a 279-residue polypeptide with a calculated M r of 30,107. The occurrence of ragged N termini has been observed before with exocellular ␤-lactamases (22) . 
DISCUSSION
The presence of a ␤-lactamase gene in the cluster of cephamycin genes in S. clavuligerus is particularly interesting. This microorganism contains genetic information for the synthesis of the ␤-lactam antibiotic cephamycin C and an adjacent cluster for the synthesis of clavulanic acid (a well-known ␤-lactamase inactivator) (34) in addition to the gene encoding BLIP (8) . It is tempting to propose that clavulanic acid and BLIP are synthesized to modulate the ␤-lactamase activity, which in turn appears to play a role in cell wall biosynthesis and/or differentiation (19) . A ␤-lactamase gene was first reported in the cephamycin C cluster of N. lactamdurans (5) . Subsequently a different ␤-lactamase was found in the cephabacin cluster of Lysobacter lactamgenus (17) . As described here, class A ␤-lactamase genes also occur in the cephamycin producers S. griseus and S. cattleya. The bla gene of S. clavuligerus is present in the cephamycin C gene cluster, although it is located in a different position than in the cluster of N. lactamdurans. However, not all ␤-lactamases in actinomycetes are associated with clusters of genes for the biosynthesis of ␤-lactams. Hybridization with the pcbC gene (encoding IPN synthase, an enzyme common to all penicillin, cephalosporin, and cephamycin producers) unequivocally showed that well-known ␤-lactamase producers such as S. cacaoi, S. badius, S. cellulosae, and S. fradiae (9) lack this gene. It seems that the ␤-lactamase gene, which may have originated in ␤-lactam-producing bacteria, has been transferred separately to other actinomycetes as well as to a variety of other gram-positive and gram-negative bacteria. As clearly demonstrated by sequence similarity, the ␤-lactamase of S. clavuligerus belongs to class A. It exhibits the four conserved motifs, but the second one is modified (SDG instead of SDN).
The SDN motif is highly conserved in class A ␤-lactamases (2) and replaced by YAN and YGN in class C and class D ␤-lactamases, respectively, by SXN in most penicillin-binding proteins and by YSN in the Streptomyces strain R61 DD-peptidase. The third residue in this motif is always an asparagine, with the exceptions of the Bacillus cereus III class A ␤-lactamase (SDS) and the Streptomyces strain K15 DD-peptidase (SGC). Nonetheless, this residue always contains an H-bondforming group. The S. clavuligerus enzyme is a ␤-lactamase of very poor activity. Its k cat /K m value for benzylpenicillin is 2 to 4 orders of magnitude lower than that of most class A ␤-lactamases (10, 23) , and it is tempting to correlate this low activity with the N3G substitution at position 132. Indeed, its kinetic parameters for benzylpenicillin are strikingly similar to those of the N132A mutant of the S. albus G ␤-lactamase studied by Jacob et al. (14) . But in contrast to the S. clavuligerus enzyme, the cephalosporinase activity of this mutant was nearly undetectable. In fact, the relative cephalosporinase activity (i.e., the cephalosporinase/benzylpenicillinase ratio) of the S. clavuligerus ␤-lactamase was in the range of those observed for several class A ␤-lactamases (23, 27) . One can conclude that the impairing effect of the N132G substitution is compensated for by other replacements in the S. clavuligerus enzyme. Three such substitutions could be of particular importance: (i) the R164Q mutation, which should increase the mobility of the ⍀ loop by disrupting the R164-Asp179 salt bridge (12) and thus both depress the general activity of the enzyme and increase the relative cephalosporinase activity; (ii) the presence of a Lys residue at position 104 (in other class A enzymes, this residue is either negatively charged or neutral [2] ); and (iii) the T-237 residue. In the TEM enzyme, the A237T mutation is known to increase the relative cephalosporinase activity (11) . Similarly, the A237T replacement is found in the S. badius and S. cacaoi CADSM ␤-lactamases and might be responsible for their rather wide-spectrum activities (31). It is also quite possible that these mutations might act in synergy with other, nonidentified residues, to drastically increase the cephalosporinase activity over that of the S. albus N132A mutant.
The low k cat value for benzylpenicillin also explains why trapping of the acyl enzyme was possible. The acyl enzyme present at the steady state could be precipitated by acetone and stabilized by denaturation, which allowed its detection by fluorography. This finding shows that the acylation rate constant (k 2 ) is significantly higher than that characteristic of deacylation (k 3 ).
Finally, the relatively high activity toward cefoxitin remains unexplained. This result suggests a rather unique mode of binding of the antibiotic to the active site, since in the other class A ␤-lactamases, the 7-␣-methoxy side chain of cefoxitin is known to modify the position of a water molecule which is thought to play an active role in the acylation reaction (21) .
A possible physiological role for ␤-lactamases, besides the hydrolysis of ␤-lactam antibiotics, is suggested by the presence of the corresponding gene in the chromosome of a large number of bacterial genera but has remained elusive up to the present time. The presence of a gene encoding a ␤-lactamase of very poor activity in the ␤-lactam synthesis gene cluster is even more surprising if the primary role of the enzyme is to destroy ␤-lactams and might suggest an alternative hypothesis. Disruption of the N. lactamdurans ␤-lactamase gene (also located in the cephamycin cluster) showed that it is not essential for cephamycin biosynthesis but affects morphology (and antibiotic production) on solid medium (19) . We propose that the primary role of the ␤-lactamase encoded in the ␤-lactam clusters is in cell wall synthesis and morphology and that its activity in the S. clavuligerus cells is regulated by BLIP and clavulanic acid. If this hypothesis is correct, BLIP-like inhibitors are likely to be present in all ␤-lactamase-producing actinomycetes. a Substrate-induced inactivation was observed after long contact times (60 to 90 min).
